Abstract. It has been suggested that unresolved radio galaxies and radio quasars (sometimes referred to as misaligned active galactic nuclei) could be responsible for a significant fraction of the observed diffuse gamma-ray background. In this study, we use the latest data from the Fermi Gamma-Ray Space Telescope to characterize the gamma-ray emission from a sample of 51 radio galaxies. In addition to those sources that had previously been detected using Fermi data, we report here the first statistically significant detection of gamma-ray emission from the radio galaxies 3C 212, 3C 411, and B3 0309+411B. Combining this information with the radio fluxes, radio luminosity function, and redshift distribution of this source class, we find that radio galaxies dominate the diffuse gamma-ray background, generating 77.2 +25.4 −9.4 % of this emission at energies above ∼1 GeV. We discuss the implications of this result and point out that it provides support for scenarios in which IceCube's high-energy astrophysical neutrinos also originate from the same population of radio galaxies.
Introduction
Over the decades since its discovery [1] [2] [3] [4] , significant progress has been made in our understanding of the origin of the diffuse extragalactic gamma-ray background. Although it has long been speculated that this emission is likely to originate from a large number of unresolved sources, the nature of those sources has only recently become more apparent. In particular, it is now known that this background receives non-negligible contributions from several classes of sources, including blazars (flat-spectrum radio quasars and BL Lac objects) [5] [6] [7] [8] , radio galaxies [9, 10] , and star-forming galaxies [11, 12] , along with smaller contributions from galaxy clusters [13] , millisecond pulsars [14, 15] , and propagating ultrahigh energy cosmic rays [16, 17] . At this time, it appears plausible that a combination of these source classes could account for the observed intensity and spectrum of the diffuse gamma-ray background [18] [19] [20] [21] [22] [23] . It is also possible that annihilating dark matter particles may contribute [19] [20] [21] 24] . In addition to spectral measurements, further clarity has resulted from Fermi's measurement of the small-scale anisotropy of the diffuse gamma-ray background [25] , as well as the cross-correlations of this background with multi-wavelength data [26] [27] [28] [29] . Despite all of this progress, however, there are still many questions pertaining to the origin of the diffuse gamma-ray background that remain unanswered (for a review, see Ref. [30] ).
In this paper, we focus on the contribution from radio galaxies and radio quasars (which we will collectively refer to simply as "radio galaxies" 1 ) to the diffuse gamma-ray background. Within the context of the unified model of active galactic nuclei (AGN) [31] , blazars are the subset of AGN whose jets are directed within approximately 14 • of Earth. In contrast, AGN with jets oriented in other directions appear fainter, and are categorized as radio galaxies. Radio galaxies are further classified as either Fanaroff-Riley Type I or Type II galaxies (FRI or FRII, respectively), according to their morphological characteristics. FRIs and FRIIs are generally interpreted as the misaligned counterparts of BL Lacs and flat spectrum radio quasars, respectively. Although blazars are individually much more luminous than radio galaxies (explaining the much greater number of blazars that have been resolved by Fermi), radio galaxies are much more numerous, making it possible for them to collectively contribute significantly to the diffuse gamma-ray background [9] .
Here, we revisit the contribution to the diffuse gamma-ray background from unresolved radio galaxies. In doing so, we utilize the most recent data set from the Fermi Gamma-Ray Space Telescope to refine the previously observed correlation between the radio and gammaray emission detected from radio galaxies. We then make use of this correlation, along with the radio luminosity function and redshift distribution of the population, to calculate the total contribution to the diffuse gamma-ray background. We find that unresolved radio galaxies dominate the diffuse gamma-ray background at energies above 1 GeV, accounting for 77.2 +25.4 −9.4 % of the observed emission. The results presented here also support the possibility that radio galaxies may be responsible for the flux of astrophysical neutrinos observed by IceCube.
Gamma-Rays From Radio Galaxies
The Fermi Gamma-Ray Space Telescope has detected statistically significant emission from a number of radio galaxies. In particular, the Third Fermi Gamma-Ray Source Catalog (the 3FGL) [32] includes 14 sources associated with radio galaxies 2 . In this study, we make use of the Fermi data from the directions of the 51 radio galaxies listed in Tables 1 and 2 . This sample of sources is identical to that adopted in Ref. [33] , and was chosen to include those radio galaxies with the highest radio core fluxes at 5 GHz [34, 35] , excluding those located near the Galactic Plane or that exhibit a high degree of variability.
For each of these 51 sources, we have determined the intensity and spectrum of their gamma-ray emission, utilizing 85 months of Fermi-LAT data 3 . We have restricted our analysis to events which pass the Pass 8 Source event selection criteria and which lie in the energy range of 0.1 to 100 GeV. We apply standard cuts to the data, removing events that were recorded at a zenith angle larger than 90 • , while the instrument is not in Survey mode, while the instrumental rocking angle exceeds 52 • , or while Fermi was passing through the South Atlantic Anomaly. Given the low luminosities of many radio galaxies, we place no constraints on the point spread function class and include both front and back converting events.
For each radio galaxy in our sample, we divide the resulting data set into 15 logarithmic energy bins as well as 280×280 angular bins spanning a 14 • ×14 • region-of-interest centered on the position of the source (as determined from radio observations). We then utilize a two step process to fit the resulting normalization and spectrum of each radio galaxy. First, we fit all background components except for the radio galaxy over the full sky and over the full energy range using a spectral model for each source. In this stage we include the full 3FGL point source catalog [32] and the gll iem v06.fits Fermi diffuse emission model, as recommended by the Fermi Collaboration for Pass 8 data. We also utilize the matching isotropic background model iso P8R2 SOURCE V6 v06.txt. We use the standard Fermi-LAT algorithm to determine whether a given source component should be allowed to float freely, or be held fixed in the fit, and use the python implementation of the gtlike tool, including the MINUIT algorithm, to determine the best-fit normalization and spectrum of each emission component.
After the background fitting is completed in the region surrounding each radio galaxy, we add a point source at the position of the source, and perform a full scan of the likelihood fit as a function of the flux independently in each energy bin. We then fit the result- [32] . For each source, we list the gamma-ray flux (integrated between 0.1 and 100 GeV) and spectral index, including the 1σ uncertainties, assuming a power-law form,
ing likelihood distribution assuming a number of arbitrarily normalized power-law spectra, dN γ /dE γ ∝ E −Γ γ , allowing the spectral index, Γ, to float between 0 and 3.5. By determining the maximum improvement to the likelihood, we calculate the value of the test statistic (TS) for each radio galaxy, as well as the likelihood profiles for the gamma-ray flux and spectral index.
We note that this two step method for fitting the normalization and spectrum of gammaray point sources has been used in many studies (e.g. Ref. [36] ), and it has been shown that the removal of low-significance gamma-ray sources from the background fit produces no change in the background parameters. However, this may not be strictly true for the case where bright 3FGL sources are removed from the initial iteration of the fit. As these sources also exist in the 3FGL catalog, we have directly checked the calculated normalization and spectrum of each source compared to the values determined in 3FGL, and found that they are consistent.
For six of the radio galaxies in our sample (For A, Cen A, 3C 66B, 3C 83.1B, PKS 2153-69, and 3C 120) there is a 3FGL source located within 0.5 • that is not associated with the radio galaxy under consideration. Because our analysis fits the gamma-ray background to the data before calculating the gamma-ray flux from each radio galaxy, the existence of a nearby source could systematically decrease the gamma-ray flux measured from these six radio galaxies. In order to correct for this effect, we produce a grid of background fits to the gamma-ray data for each of these six systems, changing both the normalization and Table 2 . Upper limits on the gamma-ray flux (integrated between 0.1 and 100 GeV) for those radio galaxies considered in our analysis which did not yield a statistically significant detections (TS < 25).
the spectral index of the background source from its default value. For each point in our background grid, we then calculate the best-fit flux of the radio galaxy as specified above, and then marginalize our results over all background models, taking the best-fit background model for each choice of the radio galaxy normalization and spectrum. For most of these systems, this procedure had only a marginal effect, and our results would not change qualitatively if we had not made this correction. In Table 1 , we list the gamma-ray flux (integrated between 0.1 and 100 GeV) and spectral index for each of the radio galaxies in our sample with gamma-ray emission detected at a level of TS > 25 4 . Of these 16 sources, 12 are listed in the 3FGL catalog. In addition, we have identified significant gamma-ray emission from four other radio galaxies, including 3C 120, which was previously detected using Fermi data [37] , as well as 3C 212, 3C 411, and B3 0309+411B, which had not previously been reported as statistically significant gamma-ray sources (TS∼10 detections of 3C 212 and 3C 411 were reported in Refs. [38, 39] ). The errors quoted in this table denote the 1σ range for each quantity, as determined using the full 2D likelihood profile. In Table 2 , we list the (2σ) upper limits on the gamma-ray flux from each of the radio galaxies studied in our analysis that did not yield a statistically significant detection 5 .
Of the 16 sources listed in Table 1 , most of their fluxes are in good agreement with those reported by the Fermi Collaboration. The exception to this is the radio galaxy Cen A, for which the flux identified in our analysis (4.6 +0.2 −0.1 × 10 −11 erg/cm 2 /s) is equal to about 70% of the value reported in the 3FGL. This is likely connected to the fact that Cen A is a spatially extended gamma-ray source, with an angular extent comparable to Fermi's point spread function. In any case, a 30% shift in the flux of any one radio galaxy will have a negligible impact on the main results of this study. We also note that although most of the spectral indices listed in Table 1 are in good agreement with those reported in the 3FGL, our value for Cen A's spectral index (Γ = 2.39 ± 0.02) is significantly softer than that listed in the 3FGL (Γ = 2.70 ± 0.03). Again we attribute this difference to challenges related to Cen A's spatial extension. To a lesser extent, our analysis also found somewhat softer spectral indices for Cen B and 3C 111, although only at the level of 2.3 and 1.1σ, respectively.
In Fig. 1 , we show the spectral indices of the gamma-ray emission from each of the radio galaxies detected by Fermi with TS > 25. These spectral indices are largely concentrated around values between approximately 2.0 and 2.5, consistent with previous determinations [32, 33] . To determine the underlying distribution of the spectral indices for this source population, we fit the likelihood function of each source, marginalized over the normalization of the flux, to a Gaussian, yielding values of Γ i and σ Γ,i for each radio galaxy. We then find the central value of the spectral index distribution,Γ, for which the following function is minimized:
The width of the underlying distribution, σ Γ , is chosen such that χ 2 (Γ, σ Γ ) is equal to the number of radio galaxies in the fit. From this procedure, we find that the spectral indices of this population of sources are well described by a Gaussian distribution centered atΓ = 2.25 and with a width of σ Γ = 0.28 (shown as a red band in Fig. 1 ). We further note that we have not identified any statistically significant correlations between the spectral index of the gamma-ray emission and other observed characteristics, such as radio or gamma-ray luminosities.
The Gamma Ray-Radio Correlation
If the gamma-ray emission observed from this collection of sources was our only information, it would be very difficult to make a reliable estimate for the total gamma-ray emission from all unresolved radio galaxies. To circumvent these limitations, one must also make use of the information provided by radio observations of this source population, namely the observed radio luminosity function and redshift distribution. The previously established correlation between the gamma-ray and radio emission from radio galaxies [9, 33] , which we will refine here, will allow us to calculate the expected contribution to the diffuse gamma-ray background from the global population of unresolved radio galaxies. In this study, we revisit the empirical correlation between the radio and gamma-ray luminosities from radio galaxies, making use of the full data set currently provided by Fermi (for the 51 sources listed in Tables 1 and 2) . As in previous studies [9, 33] , we adopt the following linear relationship for a galaxy's radio and gamma-ray luminosities:
where L γ is the luminosity measured by Fermi/LAT between 0.1 and 100 GeV and L RC is the core luminosity measured for the radio galaxy at a frequency of 5 GHz, each in units of erg/s. 6 We use the values of L RC as tabulated in Ref. [33] . 7 The correlation between 6 By "core" luminosity, we refer to the emission from the central unresolved region of a given radio galaxy, typically arcseconds in extent.
7 Throughout this study, we relate the gamma-ray luminosity to the gamma-ray flux according to
, where dL is the luminosity distance. Figure 2 . The 1σ (blue) and 2σ (red) range for the parameters α and β (see Eq. 3.1), as determined by our fit to the 5 GHz and 0.1-100 GeV fluxes from the 51 radio galaxies in our sample.
these two quantities is not perfect, however, and there exists galaxy-to-galaxy scatter in the observed ratios of the radio and gamma-ray emission, distinct from measurement uncertainties. To account for this source-to-source variation, we take the underlying distribution of radio galaxies to exhibit values of log 10 L γ that are distributed around the values described by Eq. 3.1 with a Gaussian function. We then determine the values of the free parameters α and β, along with the width of the log 10 normal distribution σ, by maximizing the negative of the log-likelihood:
where
We find that this exercise results in best-fit values of α = 1.156 and β = −4.044, and with galaxy-to-galaxy variation described by σ = 0.62. The uncertainties in α and β are correlated, and we show the error ellipses in the α-β plane in Fig. 2. In Fig. 3 , we show the best fit to the L RC vs L γ relationship. The blue points denote sources with TS>25, while the red arrows are the 2σ upper limits for those radio galaxies with TS<25. The dashed lines represent the 1σ scatter around the central value of this relationship.
Comparing our determination to the results of Di Mauro et al. [33] , we find the following ratio of central values for the gamma-ray luminosity predicted by this correlation: Figure 3 . The radio (5 GHz) and gamma-ray (0.1-100 GeV) luminosities of the 51 radio galaxies in our sample. The blue points and error bars represent sources with a significant gamma-ray detection (TS>25), while the red arrows denote the 2σ upper limits for those sources without such a detection. The solid green line is the central value of the best-fit linear relationship between these quantities, and the dashed green lines enclose the 1σ galaxy-to-galaxy variation observed among this source population.
Our gamma ray-radio relationship is thus very similar to that found by the authors Ref. [33] , although we predict slightly higher gamma-ray luminosities for the most luminous radio galaxies (those with L RC > ∼ 10 41 erg/s). We note that our procedure differs from that of Di Mauro et al. in two key respects. Firstly, Di Mauro et al. utilized only those radio galaxies detected by Fermi (with high significance) in determining the parameters of this relationship, and then used those sources without a significant detection to provide an afterthe-fact consistency check. In contrast, we have included the entire sample of 51 radio galaxies in our determination, regardless of whether or not they were identified in the Fermi data, utilizing the full likelihood profile for each source. Secondly, whereas the approach of Di Mauro et al. accounts for departures from this relationship by absorbing this information into the error bars for α and β, our treatment allows for galaxy-to-galaxy variations in the gamma-ray flux, and we model the distribution of gamma-ray luminosities around the predicted correlation. This latter distinction leads to a higher gamma-ray flux from the sum of all unresolved radio galaxies than predicted by Di Mauro et al., as well as to smaller error bars on this flux. . The contribution to the diffuse gamma-ray background from unresolved radio galaxies (dashed curve), compared to the measurement of the isotropic gamma-ray background (IGRB) as reported by the Fermi Collaboration [4] . The error bars in this figure include both the statistical uncertainty and the systematic uncertainties associated with the effective area and cosmic ray background subtraction, while the light blue shaded band reflects the systematic uncertainties associated with the modeling of the Galactic foreground emission. The grey shaded band represents the range of predicted contributions when varying the parameters describing the radio-gamma-ray correlation (α, β) within the 1σ range of their best-fit values. This indicates that the IGRB is dominated by emission from radio galaxies, at least at energies above approximately 1 GeV. More qualitatively, we find that 77.2 +25.4 −9.4 % of the photons constituting the IGRB at E γ > 1 GeV originate from unresolved radio galaxies.
The total gamma-ray flux from unresolved radio galaxies is given by:
where dN/dΓ is the distribution of gamma-ray spectral indices (as determined in Sec. 2), d 2 V /dz dΩ is the co-moving volume element, and dF γ /dE γ is the gamma-ray flux for a radio galaxy of luminosity L γ and located at redshift z. We integrate over the following ranges: L γ = 10 40 − 10 50 erg/s, Γ = 1.5 − 3.0, and up to z max = 4. Neglecting galaxy-to-galaxy variations in the gamma-ray to radio luminosity relationship, we have calculated the gammaray luminosity function of radio galaxies, ρ γ , following the approach of Ref. [33] , utilizing the Fermi EGB Total Radio Galaxies Figure 5 . As in Fig. 4 , but for the Extragalactic Gamma-Ray Background (EGB) [4] , which includes emission from both unresolved and resolved radio galaxies.
total radio luminosity function of this source class as reported in Ref. [41] , and the observed correlation between the total and core radio luminosities as presented in Ref. [42] . 8 To account for galaxy-to-galaxy variations, we have integrated the gamma-ray to radio correlation over the log 10 normal distribution (of width σ = 0.62) as determined and described in Sec. 3. The function ω represents Fermi's point source detection efficiency, which accounts for the fact that resolved radio galaxies do not, by definition, contribute to the diffuse gamma-ray background. Although the authors of Ref. [33] adopted an efficiency as described in Ref. [43] (see also the Appendix of Ref. [33] ), this is not strictly appropriate in the case of the larger Pass 8 dataset that we have utilized in this analysis. In particular, the efficiency described in Ref. [43] is intended to reflect the likelihood that a given source will be included in the 1FGL catalog, which contains no radio galaxies fainter than 6.6 × 10 −12 erg/cm 2 /s. Given that our list of Fermi detected radio galaxies extends to sources as faint as 1.5 × 10 −12 erg/cm 2 /s, we adopt as our detection efficiency the function described in Ref. [43] , but shifted in flux by a factor of 4.4. Lastly, the attenuation of the gamma-ray spectrum, resulting from e + e − pair production via scattering with the extragalactic background light, is characterized by the optical depth, τ γ (E γ , z). To account for this effect, we adopt the model described in Ref. [44] .
In Fig. 4 , we show the predicted contribution to the diffuse gamma-ray background from unresolved radio galaxies, compared to the measurements of the isotropic gamma-ray background (IGRB) as reported by the Fermi Collaboration [4] . The error bars in this figure include both the statistical uncertainty and the systematic uncertainties associated with the effective area and cosmic ray background subtraction. In addition, the light blue shaded band reflects the systematic uncertainties associated with the modeling of the Galactic foreground emission. The black dashed line in this figure represents our determination for the contribution to the IGRB from unresolved radio galaxies, for our best-fit values of α and β (see Sec. 3). The grey band around this line is the range of predictions within the 1σ variations of these parameters. We also show in Fig. 5 the predicted contribution to the diffuse extragalactic gamma-ray background, which includes contributions from both unresolved and resolved radio galaxies. This result indicates that the IGRB is dominated by the contribution from radio galaxies, at least at energies above approximately 1 GeV. More quantitatively, the fraction of the photons in the IGRB that come from unresolved radio galaxies is 77.2 +25.4 −9.4 % above 1 GeV. The fraction integrated down to 0.1 GeV is significantly smaller, although still quite large, 40.0 +13.2 −6.9 %. For comparison, the previous studies of Refs. [9] and [33] each found best-fits in which 20-30% of the diffuse gamma-ray background originates from unresolved radio galaxies, but with large uncertainties, extending from roughly ∼10% to 100% of the observed flux.
In deriving this result, we assumed that the galaxy-to-galaxy variations around the (logarithm of the) gamma-ray luminosity predicted by the relationship of Eq. 3.1 are described by a Gaussian. Given the relatively small number of radio galaxies in our sample, however, it is possible that the true distribution is not a simple Gaussian. Most potentially important to our results are the tails of this distribution. From the distribution shown in Fig. 3 , one can see that the most significant outliers in our sample are approximately ∼1.4σ away from the central value of this relationship. If we suppress all variations beyond 1.4σ (2σ) from the central value, the overall contribution to the gamma-ray background shown in Fig. 4 is reduced by a factor of 1.5 (1.2).
Implications and Discussion
The results described in this paper suggest that unresolved radio galaxies provide the dominant contribution to the diffuse gamma-ray background, at least at energies greater than approximately ∼1 GeV. This has implications not only for radio galaxies themselves, but for other classes of gamma-ray sources that may contribute to the diffuse gamma-ray background.
In Fig. 6 , we show a plausible model for the major contributions to the diffuse gammaray background. Here, we have adopted the best-fit flux from unresolved radio galaxies as calculated in this study (black dashed), along with the contributions from unresolved flat-spectrum radio quasars (yellow solid) and BL Lac objects (blue solid), as calculated in previous studies utilizing population models (see Ref. [21] ; based in turn on the results of Refs. [5, 7, 8, 43] ). It is remarkable that the emission from this combination of source classes is capable of reproducing both the normalization and the spectral shape of the diffuse gamma-ray background.
The small-scale characteristics of the diffuse gamma-ray background also support a scenario similar to that depicted in Fig. 6 . First, the degree of small-scale anisotropy in the diffuse gamma-ray background can be used to constrain the contribution from highly luminous sources, and blazars in particular [5, 25] . More specifically, the measured anisotropy, combined with the blazar source count distribution, suggests that blazars are responsible Figure 6 . A plausible model for the origin of the isotropic gamma-ray background (IGRB), consisting of contributions from radio galaxies and blazars (flat spectrum radio quasars and BL Lac objects); the sum of these contributions is shown as a thick black line.
for ∼20% of this background [5] , consistent with that shown in Fig. 6 . Second, scenarios in which the diffuse gamma-ray background is dominated by emission from radio galaxies (or from starforming galaxies) are favored by the analysis of Ref. [26] , which identified a significant (3-4σ) angular correlation between the diffuse gamma-ray background and the galaxies contained within the 2MASS, NVSS, and SDSS catalogs.
The results presented here leave relatively little room for contributions from other gamma-ray source classes, most notably starforming galaxies [11, 12] , but also galaxy clusters [13] , millisecond pulsars [14, 15] , and propagating ultra-high energy cosmic rays [16, 17] . Similarly, as these results allow us to account for the origin of a larger fraction of the diffuse gamma-ray background, they will also make it possible to place more stringent constraints on any contribution that might arise from annihilating dark matter. And although the majority of the diffuse gamma-ray background does not appear to arise from dark matter annihilation products, it is plausible that a subdominant fraction of this emission could arise from such interactions. For example, if we adopt a dark matter scenario motivated by the spectrum and intensity of the Galactic Center gamma-ray excess, m DM 40 GeV, σv bb ∼ 10 −26 cm 3 /s [45] [46] [47] [48] [49] [50] [51] , one predicts that on the order of ∼ 20% of the diffuse gamma-ray background between ∼1-5 GeV should be generated through dark matter annihilations (with sizable uncertainties associated with dark matter substructure). Such analyses can probe interesting regions of dark matter parameter space [19, 21, 24, 52] , yielding limits that are competitive with those based on observations of the Galactic Center [46, 47, 53] or dwarf spheroidal galaxies [36, 54] .
Lastly, we point out that the results presented here bolster the possibility that radio galaxies (perhaps along with blazars) may be responsible for the astrophysical flux of highenergy (30 TeV-2 PeV) neutrinos reported by the IceCube Collaboration [55, 56] . The authors of Refs. [57, 58] have each suggested that proton-proton collisions associated with radio galaxies might be responsible for the observed neutrino flux. Intriguingly, it has also been pointed out that the same class of extragalactic sources could be responsible for the diffuse gamma-ray background and for IceCube's neutrino flux, if the responsible sources accelerate protons up to energies of ∼10 7 -10 8 GeV with a spectral index slightly softer than two [58, 59] . The results presented in this paper provide support for a scenario in which radio galaxiesand in particular the more numerous class of FRI radio galaxies -are responsible for most of the 1-100 GeV diffuse gamma-ray background, as well as for the diffuse TeV-PeV neutrino flux.
Summary and Conclusions
In this study, we have revisited the contribution from unresolved radio galaxies (sometimes called misaligned active galactic nuclei) to the diffuse gamma-ray background. Combining information from radio and gamma-ray observations, we estimate that the sum of all unresolved radio galaxies produce 77.2 +25.4 −9.4 % of the photons associated with the isotropic gamma-ray background above 1 GeV, as measured by the Fermi Collaboration [4] . The blazar source count distribution, and the measured anisotropy of the diffuse background, suggests that the remaining fraction is dominated by emission from unresolved blazars (both BL Lac objects and flat-spectrum radio quasars). Together, we find that radio galaxies and blazars can account for the normalization and spectral shape of the observed diffuse gamma-ray background. This result also suggests that active galactic nuclei (radio galaxies and blazars) are likely to be responsible for the bulk of the high-energy neutrinos observed by IceCube.
